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(54) Method for making a second-order nonlinear optical material, the material obtained by the 
method, and an optical modulation device comprising the material 



(57) A second-order nonlinear optical material com- 
prises a glass body poled from a first direction and a 
second direction, which differ from each other, so that 
the glass body exhibits little birefringence relative to a 
beam being propagated in a third direction substantially 



vertical to said first direction and said second direction, 
respectively, wherein said glass body comprises a major 
proportion of Si0 2 and a minor proportion of germanium. 
A method for making the material, and optical modulator 
devices comprising the material are also described. 
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Description 

This invention relates to a second-order nonlinear 
optical material which has a second-order, nonlinear op? 
tical effect and exhibits little birefringence along the di- 
rection of transmission of a beam, and a method for 
making the same. The invention also relates to optical 
modulation devices, which comprise the nonlinear opti- 
cal material as an electrooptic element and which are 
useful for measurement of the variation in electric field 
(voltage) or as an optical switch for tele-communication 
and also as a phase or other modulator, temperature, 
and the like. 

Known second-order nonlinear optical materials 
used as an optical modulation element include, for ex- 
ample, optical crystals of LiNb0 3 (hereinafter referred 
to simply as LN), Bi 12 SiO 20 (hereinafter abbreviated to 
BSO), Bi 12 GeC>2o (hereinafter abbreviated to BGO), 
6146630-, 2 , and the like. According to "Optical Fiber 
Sensors" (published by Ohm Co., Ltd. and edited by 
Takayosi Ohkoshi (1986), pp. 149 to 153), optical mod- 
ulation devices using these nonlinear optical materials 
have been developed for optical communication sys- 
tems and also as an optical fiber sensor for measuring 
high voltage. 

In recent years, in order to reduce the number of 
optical elements used in optical fiber sensors, studies 
have been made on optical fiber sensors of the type 
wherein lenses and a mirror are omitted from the sensor, 
and instead, an magnetooptic element or an electrooptic 
element is assembled in the light path of an optical fiber. 
This type of sensor is described, for example, in Japa- 
nese Laid-open Patent Application Nos. 5-297086, 
6-74979, and 8-219825. Quite recently, it has been 
found that when an optical fiber is poled, a second-order 
nonlinear optical effect is produced. Optical modulation 
devices using the poled optical fiber have now been 
made as described, for example, by A. C. Liu et al in 
Opt. Lett. Vol. 19, pp. 466-468 (1994), by T. Fujiwara et 
al in IEEE Photonics Lett. Vol. 7, pp. 1177 to 1179 
(1995), and in Japanese Laid-open Patent Application 
No. 9-230293. 

However, with optical modulation devices including 
an optical fiber sensor, in which Ln having a large spon- 
taneous birefringence is used, for example, it is neces- 
sary that an input beam be controlled so as to make an 
angle of axial deviation at around 0.1 to 0.2 or below. 
This is because if the incident angle of the beam axially 
deviates, the following two problems arise, 

(1 ) The spontaneous birefringence caused by devi- 
ating an incident beam from the principal axis of a 
crystal becomes greater than a birefringence 
caused by the electrooptic effect, with the result that 
the degree of modulation changes greatly from a 
predetermined value. 

(2) Because of the temperature dependence of 
spontaneous birefringence and nonlinear optical 



constant (electrooptic constant), the degree of mod- 
ulation depends greatly on the temperature charac- 
teristic. 

5 In order to solve these problems, it may occur to 
use crystals which are substantially free of any sponta- 
neous birefringence. Known nonlinear optical materials 
or crystals, which do not exhibit any spontaneous bire- 
fringence, include BGO, BSO, Bi 4 Ge 3 0 12 and the like. 
10 However, both BGO and BSO, respectively, have rotary 
optical power (i.e. the effect of the plane of polarization 
being rotated in proportion of the length of the crystal), 
so that the crystal length cannot be made large, with the 
attendant problem that the degree of modulation of a 
15 beam cannot be optionally set and the degree of mod- 
ulation cannot be sufficiently increased as described in 
the abovementioned "Optical Fiber Sensors", edited by 
T. Ohkoshi. On the other hand, Bi 4 Ge 3 0 12 undesirably 
involves a DC drift at high temperatures, thus presenting 
20 the problem that when used as an optical modulator, this 
material does not ensure a stable temperature charac- 
teristic. This is particularly set out, for example, by O. 
Kamada (Appl. Phys. Vol. 32 (1 993),. pp. 4288 to 4291 ). 
In an optical fiber sensor of the type wherein an or- 
25 dinary electrooptic element is set in position in an optical 
fiber, no lens is used. Where LN, which has a small tol- 
erable range with respect to the angle of axial deviation, 
is used as an electrooptic element, there arises the 
problem that the performance of the resultant device un- 
30 desirably depends greatly on the temperature. Alterna- 
tively, if liquid crystals are used, problems are involved 
in that the response speed becomes very low, an abrupt 
change of voltage cannot be measured accurately, and 
the liquid crystal may be solidified when usedat lowtem- 
35 peratures. 

Where part of an optical fiber is poled and used as 
an electrooptic element, a problem as experienced in 
the case of a sensor wherein LN crystal is used as an 
electrooptic element and an incident beam is deviated 
40 from an optical axis (Z axis). More particularly, if an op- 
tical fiber is poled at part thereof, not only the nonlinear 
optical effect (electrooptic effect), but also the anisotro- 
py of refractive index (spontaneous birefringence) de- 
velops. When such a poled fiber is used in an optical 
45 fiber sensor, it is difficult to obtain an optical fiber sensor 
with intended characteristic properties. This problem 
does not occur in known optical modulators wherein a 
change in refractive index based on the electrooptic ef- 
fect of one of principal dielectric axes is utilized, and in, 
50 fact, has not been recognized. 

In an optical modulator proposed, for example, in 
Japanese Laid-open Patent Application No. 9-230293, 
the electrooptic effect alone is taken into account, and 
no mention is made of any optical device utilizing spon- 
55 taneous birefringence. Accordingly, the resultant mod- 
ulator has poor linearity. In this instance, two holes are 
made in the clad portion ol an optical fiber so as to insert 
electrodes. As a result, there is produced spontaneous 
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birefringence which is ascribed to the anisotropy ol the 
sectional structure of the optical fiber and which is much 
greater than the spontaneous birefringence produced 
according to a poling treatment. This optical fiber has 
such a function as a so-called "polarization preserving s 
fiber", and the state of polarization of a beam inputted 
from portions other than principal dielectric axes (i.e. a 
line connecting two pairs of holes and a direction vertical 
to the line) becomes very unstable. If such an optical 
fiber is under varying temperature conditions or is ap- io 
plied with an external pressure thereto, the state of po- 
larization of the beam changes considerably. When this 
optical fiber is used as an electrooptic element, and a 
beam, which has the direction of polarization different 
from the principal dielectric axes, is inputted to the fiber, is 
the degree of modulation greatly changes by changing 
a temperature, for example, only by several degrees in 
centigrade. Thus, the electrooptic element has a very 
poor temperature characteristic. and a large distortion 
rate./.. . . \ " 20 

It is accordingly an aim of the invention to provide 
a method for making a second-order nonlinear optical 
material, which exhibits little or no birefringence along 
a direction of propagation of a beam, in a simple way 

It is another aim of the invention to provide a sec- 25 
ond-order nonlinear optical material useful for making 
an optical modulator or an optical fiber voltage (electric 
field) sensor, which has a great allowed range of angle 
with respect to the direction of propagation of a beam. 

It is a further aim of the invention to provide a sec- 30 
ond-order nonlinear optical material which is useful for 
making an optical modulator or an optical phase modu- 
lator which has little or no dependence of an input beam 
on polarization. 

It is a still further aim of the invention to provide op- 35 
ticai modulator devices of the types mentioned above. 

It is another aim of the invention to provide an opti- 
cal modulator device which has no problem on DC drift 
which has been one of problems involved in devices us- 
ing known optically isotropic crystals such as Bi 4 Ge 3 0 12 *o 
crystal. 

According to one embodiment of the invention, a 
second-order nonlinear optical material comprises a 
glass body poled from a first direction and a second di- 
rection, which differ from each other, so that the glass 45 
body exhibits little birefringence against a beam being 
propagated in a third direction substantially vertical to 
the first direction and the second direction, respectively, 
wherein the glass body is made of a composition com- 
prising Si0 2 . 50 

Preferably, the glass body is poled such thatthefirst 
direction and the second direction are intersected sub- 
stantially at right angles to each other within a range of 
90° + 10°. It is also preferred that the third direction is 
intersected substantially at right angles to the first and S£ 
second direction within a range of 90° ±10°, respective- 

According to another embodiment of the invention, 
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there is also provided a method for making a second- 
order nonlinear optical material which comprises the 
steps of: 

providing a glass body which is made of a glass 
composition comprising a Si0 2 ; and 
subjecting the glass body to poling treatment by ap- 
plying an electric field sufficient to cause the glass 
body to be poled from a first direction and then from 
a second direction so that the glass body exhibits 
little birefringence against a beam being propagat- 
ed in a third direction substantially vertical to the first 
direction and the second direction, respectively 

It is preferred that the poling along the first or sec- 
ond direction is repeated until when a linearly polarized 
beam is transmitted along the third direction and a plane 
of polarization of the transmitted beam is set at angle of 
45 degrees with respect to the first or second direction,*; 
a transmitted beam consists of a linearly polarized 
beam. 

In accordance with the invention, there is also pro- 
vided a second-order nonlinear optical , material ob- 
tained by the above method. 

According to a further embodiment of the invention, 
there is provided an optical modulator device compris- 
ing the glass body defined above, and a pair of elec- 
trodes attached to opposite sides of the body kept apart 
from each other whereby the modulator serves as an 
optical phase modulator. 

According to a still further embodiment of the inven- 
tion, there is provided an optical modulator device which 
comprises an optical modulation unit including a polar- 
izer, an electrooptic element, and an analyzer sequen- 
tially arranged in this order so that optical axes of the 
polarizer, the magnetooptic element and the analyzer 
are aligned, wherein the electrooptic element consists 
of the glass body defined before. 

According to another embodiment of the invention, 
there is provided an optical modulator device compris- 
ing a mirror system having, at least, a first halfmirror ca- 
pable of dividing a beam into halves and a second 
halfmirror capable of combining the halves after modu- 
lation of one of the halves, and an electrooptic element 
assembled in the mirror system so as to modulate one 
of the halves, the electrooptic element being made of 
the glass body defined before whereby the optical mod- 
ulator device serves as interferometer when a beam is 
passed after polarization via the first halfmirror, in which 
the beam is divided into halves by means of the first 
halfmirror, and one of the halves is passed to the elec- 
trooptic element, electrooptically modulated in the ele- 
ment, combined with the other half, and passed to a 
light-receiving element. 

According to still another embodiment of the inven- 
tion, there is provided optical modulator device which 
comprises an optical fiber, a substrate having a groove 
for fixing the optical fiber, and a modulation unit includ- 
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ing a polarizer an electrooptic element and an analyzer 
sequentially arranged in this order and set in at least 
one groove made vertically to the first -mentioned 
groove in a light path of the optical fiber, wherein the 
electrooptic element is made of the glass body defined 
before. 

The polarizer, electrooptic element and analyzer 
with or without a A/4 plate may be integrally combined 
or may be separately provided at intervals therebetween 
provided that optical axes of these elements are adjust- 
ed properly. In the former case, only one groove is suf- 
ficient to set the elements therein. In the latter case, 
three grooves are formed in the optical fiber to accom- 
modate the polarizer, electrooptic element and analyzer, 
respectively. 

Prelerably, the optical fiber is shaped in a desired 
form. More preferably the optical fiber is shaped in the 
form of a U having a flat bottom where the modulation 
unit is set in position, and the groove pattern is in U form. 

The present invention will be further described be- 
low with reference to exemplary embodiments of the in- 
vention and the accompanying drawings in which: 

Fig. 1a is a schematic view illustrating a second- 
order nonlinear optical material according to one 
embodiment of the invention, and Fig. 1 b is an illus- 
trative view showing the variation in refractive index 
after poling treatment; 

Figs. 2a to 2e are, respectively, schematic views il- 
lustrating a method of making a second-order non- 
linear optical body according to another embodi- 
ment of the invention; 

Fig. 3 is a schematic view showing an optical mod- 
ulator according to a further embodiment of the in- 
vention; 

Fig. 4 is a schematic view showing an optical mod- 
ulator used as an interferometer according to a still 
further embodiment of the invention; 
Fig. 5 is a schematic view showing an arrangement 
of an optical modulator according to another em- 
bodiment of the invention; and 
Figs. 6a to 6d are, respectively, views illustrating a 
procedure of making an optical modulator accord- 
ing to another embodiment of the invention. 

Reference is now made to the accompanying draw- 
ings, and particularly to Figs. 1a and 1b, 

Hitherto reported second-order nonlinear optical 
materials are those obtained by poling glass only in one 
direction. The glass poled to a greater extent in this way 
so as to obtain a greater second-order nonlinear optical 
characteristic or electrooptic constant exhibits a greater 
spontaneous birefringence. This is more particularly il- 
lustrated with reference to Figs, la and 1b. In Fig. la, 
there is shown an electrooptic element B in the form of 
a cubic block of a nonlinear optical material, in which x, 
y and z axes are indicated as shown. Although the x and 
y axes are shown to be intersected at right angles to 



each other, the intersection at right angles is not always 
necessary In this connection, however, where the x and 
y axes are intersected at angles within a range of 90 ± 
10 degrees, the poling treatment along the y axis is un- 
5 likely to be influenced by the results of initial poling treat- 
ment along the x axis, ensuring easy control of poling 
treatment along the y axis. The z axis is intersected sub- 
stantially at right angles relative to the x and y axes, re- 
spectively 

10 For the poling treatment, the cubic block is heated, 
for example, to a temperature of 1 50 to 300°C, followed 
by application of an electric field ranging from 1 x 10 4 to 
1 x 10 6 V/cm. When the poling treatment is carried out 
along the x axis, electron polarization along the x axis 
is becomes great. As a result, a refractive index, nx, rela- 
tive to a beam polarized in the direction of the x axis (i. 
e. an optical beam whose electric field oscillates along 
the x axis) increases. On the other hand, refractive in- ., 
dices, ny and nz, relative to optical beams polarized ver- 
20 tically to the above-mentioned beam, respectively, lower 
as is particularly shown in Fig. 1b. Accordingly, where 
the poling treatment is effected only from one direction, 
a beam propagating along the z axis inevitably exhibits 
spontaneous birefringence. Like a prior art case using 
2S LN, if the optical material poled in one direction is used, 
the resultant modulation device is greatly influenced by 
an ambient temperature and exhibits a degree of mod- 
ulation different from an intended one. 

When the cubic body poled along the x axis is fur- 
30 ther subjected to poling treatment by applying an electric 
field along the y axis to the cubic body. The resultant 
body exhibits a larger refractive index, ny, relative to a 
beam polarized in the direction of the y axis. This is par- 
ticularly shown in Fig. 1b. Proper choice of the poling 
35 time and poling potential enables one to make nx 45 
ny. Hence, with respect to the beam propagating along 
the direction of the z axis (i.e. a beam polarized along 
the x axis, a beam polarized along the y axis, or a beam 
having a direction of polarization between the x and y 
40 axes), the thus poled body exhibits a birefringence 
which is very small or is nearly to zero. Further, the pol- 
ing treatment along the directions of both x and y axes 
makes a small refractive index along the z axis. 

In general, when optically isotropic glass is poled, 
45 a variation of retractive index is about 0.001 or below. 
On the other hand, a degree of birefringence of LN (i.e. 
a difference between the maximum refractive index and 
the minimum refractive index) is around 0.09, which is 
larger by about two orders of magnitude than a birefrin- 
50 gence of the nonlinear optical material of the invention. 
This leads to an accuracy of angle of a beam inputted 
to the nonlinear optical material which is larger by about 
two orders of magnitude than an accuracy attained by 
LN. Thus, it becomes possible to keep the angle of axial 
55 deviation within a range of ±10 degrees. This permits 
very easy fabrication of an optical modulator. 

According to one embodiment of the invention, 
there is provided a second-order nonlinear optical ma- 
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terial which comprises a glass body poled from a first 
direction and a second direction, which differ from each 
other, so that the glass body exhibits little birefringence 
against a beam being propagated in a third direction 
substantially vertical to the first direction and the second 
direetion, respectively, wherein the glass sheet compris- 
es Si0 2 . 

As described above, the glass body should com- 
prise Si0 2 and can be poled from different axes of x and 
y. Preferably, the glass composition comprising from 80 
to 95 wt% of Si0 2 and correspondingly from 5 to 20 wt% 
of Ge0 2 

The glass composition may further comprise addi- 
tive components such as oxides and/or fluorides of Te, 
Bi, Pb, Sn and the like. These components may be used 
singly or in combination and, il present, the total amount 
of the additive components ranges up to 40 wt% based 
on the composition. If the additive component or com- 
ponents are added in amounts exceeding 40 wt%, the 
resultant glass may be too low in softening point, or may 
lower in mechanical strength, or may involve an unde- 
sirably great variation in the quantity of transmitted light 
when ambient temperatures change. 

If such a preferred glass composition as mentioned 
above is poled, the resultant glass body exhibits better 
optical non linearity. 

Usually, the body is in cubic or rectangular parallel- 
epiped form, or in cylindrical form. 

The first and second directions should preferably be 
intersected substantially at right angles to each other 
within a range of 90 degrees ± 10 degrees. Likewise, 
the third direction should preferably be intersected with 
the first and second directions substantially at right an- 
gles within a range of 90 degrees ± 1 0 degrees, respec- 
tively. 

The fabrication of the nonlinear optical material ac- 
cording to another embodiment of the invention is de- 
scribed with reference to Figs. 2a.to 2e. 

Initially, a glass sheet having such a composition as 
defined above is provided. The glass sheet is optically 
polished at least on upper and lower sides thereof. 

The glass sheet is vacuum deposited with an alu- 
minium electrode on the polished sides, respectively, af- 
ter which the glass sheet is placed in an electric furnace 
whose atmosphere is substituted with dry nitrogen and 
kept at a temperature, for example, of 250°C until the 
sheet reaches the temperature. The temperature may 
range from 100 to 400°C. The dry nitrogen may be re- 
placed by an inert gas such as Ar. 

In this condition, the sheet is poled in a first direc- 
tion, for example, of x axis shown in Fig. 2a by applying 
an appropriate voltage ranging from 1 kV to 10 kV, e.g. 
5 kV, to the sheet for about 10 to 300 minutes, e.g. for 
100 minutes. This poling treatment is shown in Fig. 2a. 

Thereafter, the electrodes deposited on the glass 
sheet is completely removed, for example, by chemical 
etching, and is cut into pieces having a width, for exam- 
ple, of 0.6 mm by means of a rotary blade saw as shown 



in Fig. 2b. 

After the cutting, the pieces are subjected to further 
poling treatment in a second direction of y axis shown 
in Fig. 2c. To this end, the cut face or faces of each piece 

s are rotated about z axis, which is substantially normal 
to the x and y axes, within a range of 90 degrees ± 10 
degrees so that the y axis of each piece turns substan- 
tially upward as shown in Fig. 2c. The pieces in this con- 
dition are bonded together by means of a bonding agent 

10 such as a ceramic-based agent or an epoxy resin bond- 
ing agent. The thus bonded sheet is optically polished 
on upper and lower sides thereof by 0.1 mm in total, 
thereby making a sheet thickness at 0.5 mm. 

Subsequently, an aluminium electrode is vacuum 

is deposited on the opposite sides of the bonded sheet and 
attached with a lead wire, followed by placing the sheet 
in the electric furnace in an atmosphere of dry nitrogen 
and applying a potential of 5 kVfor 30 minutes as shown 
in Fig. 2d. The thus poled sheet is copied down to room 

20 temperature. : . f 
A linearly polarized beam is transmitted to the sheet 
along the direction (i.e. z axis) vertical to the first and 
second poling directions (i.e. x axis and y axis) to meas- 
ure an ellipticity of the beam. For the measurement, the 

2S polarized plane of an input beam is set at an angle of 
45 degrees relative to the x axis. Where the transmitted 
beam consists of an elliptically polarized beam, the 
above-stated poling treatment is repeated until the el- 
liptically polarized beam is turned to a substantially lin- 

30 early polarized beam. 

Although depending on the degree of poling treat- 
ment, when the angle between the x and y axes is in the 
range of 90 degrees ± 10 degrees and the angle be- 
tween the z axis and each of the x and y axes is in the 

35 range of 90 degrees ± 10 degrees, the sheet is substan- 
tially free of any birefringence. 

When the poled sheet is applied to as an electroop- 
tic element, it is cut into pieces having a desired size by 
appropriate means such as a rotary blade saw. The 

40 piece is optically polished along the z axis (i.e. a direc- 
tion along which a beam is transmitted) on opposite 
sides thereof to obtain an electrooptic element. The size 
of the piece depends on the purpose in end use. 

In the foregoing, the poling treatment is performed 

45 by heating a glass sheet and applying to a high voltage 
as defined before for a given time. The poling may like- 
wise proceed when a high electric field of 1 x 10 4 to 1 x 
10 6 V/cm is applied to a glass sheet while exposing to 
UV light. Alternatively, there may be used other methods 

so including a corona poling method, or a method wherein 
a high voltage as defined before is applied to in vacuum. 

The applications of the electrooptic element ob- 
tained above to optical modulators are described. 

Fig. 3 shows an optical modulator system M which 
ss includes a beam source 31 such as a light emitting di- 
ode, a collimator lens 32, an optical modulation unit U 
including a polarizer 33 made, for example, of a polar- 
izing beam splitter, a X/4 plate 34 made of quartz, an 
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electrooptic element 35 and an analyzer 36, a focusing 
lens 37, and a light-receiving element 38 arranged in 
this order, as shown in Fig. 3. The optical axes of these 
elements including the polarizer 33, the A/4 plate 34 : the 
electrooptic modulator 35 and the analyzer 38 are 5 
aligned. The electrooptic element is made of a block of 
the glass material poled from two different directions as 
described above. It will be noted that this arrangement 
shown in Fig. 3 is known in the art except that the elec- 
trooptic element is made of the block poled from two di- 10 
rections. 

- In operation, the beam from the source 31 is trans- 
mitted through the collimator lens 32 to obtain parallel 
beams, followed by passing through the unit LJ. The 
beams transmitted through the analyzer 36 is focused is 
at the focusing lens 37 and converted to electric signals 
in the light-receiving element 38. Thus, the beam can 
-be converted to electric signals. When an AC voltage of 
1000 V is applied to electrodes (not shown) of the elec- 
trooptic element 35, AC wave signals with a degree of 20 
modulation of 1 % is obtained. In this way, an electrooptic 
modulator can be obtained. 

Moreover, it has been experimentally found that 
when the nonlinear optical block or piece assembled in 
the optical modulator M is applied with a beam while 25 
changing an angle of incidence of ±1 degree from an 
incident angle vertical to the face of the electrooptic el- 
ement through which the beam is transmitted, a varia- 
tion in the degree of modulation (relative to a degree of 
modulation taken as 100 when the beam is incident in 30 
vertical direction) is within ±3% or below. Likewise, 
when the angle of incidence is changed within ±10 de- 
grees, the variation has been found to be within ±10%. 

The optical modulator system M comprising the 
electrooptic element of the invention is placed in a dry 35 
atmosphere while changing a temperature ranging from 
-20°C to +80°C so as to measure a variation in degree 
of modulation depending on the variation of tempera- 
ture. As a result, it has been found that the variation in 
the degree of modulation relative to a degree of modu- 40 
lation at room temperature being taken as 100 is as 
good as within ±2%. Moreover, when the modulator sys- 
tem M is placed at high temperatures of 70°C or above, 
any DC drift in the quantity of beam is not observed, un- 
like an optical modulator comprising a crystal plate of 45 
Bi 4 Ge 3 0 12 , thereby providing stable modulation sig- 
nals. 

In the embodiment of Fig. 3, the 7J4 plate 34 is used 
as an optical modulation element. This is because an 
incident, linearly polarized beam is converted to a circu- so 
larly polarized beam and is thus optically biased, so that 
analog (intense) modulation signals are taken out in 
good linearity. Where a beam is subjected to On-OFF 
modulation as in the case of digital modulation, this plate 
may be omitted. 55 

Another embodiment of the invention is illustrated 
with reference to Fig. 4 

The electrooptic element obtained according to the 



procedure of Figs 2a to 2e illustrated hereinbefore is 
used as an optical modulation element or a beam phase 
modulation element to provide an interferometer of the 
Mach-Zehnder type. 

In Fig. 4, there is shown an interferometer I includ- 1 
ing an analyzer 46 and a mirror system S. The mirror 
system S has a first half mirror 41 a, a first total reflection 
mirror 43a, a second total reflection mirror 43b, and a 
second halfmirror41b as shown in Fig. 4. An electroop- 
tic element 45 is placed between the first halfmirror and 
the first total reflection mirror 43a. In this case, the ele- 
ment 45 serves as an optical modulator element. A light- 
receiving element 48 is provided to receive a beam from 
the second halfmirror 41 b. 

In operation, a He-Ne laser beam, which has good 
coherence, is used as an incident beam. In the figure, 
polarized light of the incident beam is set to transmit 
along a direction of x axis. The electrooptic element 45 
used is one in which electrodes are formed on opposite 
sides of the element along the y axis. 

The laser beam is polarized in the polarizer 46 and 
is passed to the first halfmirror 41 a wherein it is divided 
into halves. When a voltage of 1 500 V is applied to the 
element 45 along the x axis, the phase of the incident 
light divided as one half is modulated. On the other 
hand, the other half is passed via the halfmirror 41 b and 
the second total reflection mirror 43b to the second 
halfmirror 41 b without modulation of the phase. The 
phase modulated light and the non-modulated light are 
combined together in the second halfmirror 41b to ob- 
tain modulation signals in the light-receiving element 48- 
Th en, electrodes are attached to the electrooptic el- 
ement 45 on opposite sides along the x and y axes, re- 
spectively. A voltage of 1500 V is applied to the elec- 
trodes from the directions of the x and y axes at the same 
time. At that time, when the direction of poljng of the 
incident beam is rotated by use of the polarizer 46, any 
appreciable difference in the degree of modulation can- 
not be seen. Furthermore, when the polarizer 46 is re- 
moved, modulation signals can be observed in the light- 
receiving element 48. Thus, the electrooptic element of 
the invention can be used as an optical modulation ele- 
ment, which is substantially free of any dependence on 
the polarization of an incident beam. This optical mod- 
ulation element needs no polarizer. 

For comparison, it has been experimentally con- 
firmed through the following experiment. A known non- 
linear optical glass material poled only in one direction 
(or in the direction of the x axis) is provided, and elec- 
trodes are formed, along the x and y axes, on opposite 
sides of a block of the poled material in the same manner 
as described above. This element is assembled as the 
electrooptic element 45 of the interferometer shown in 
Fig. 4. When a transmitting plane of polarization of the 
polarizer 46 is rotated, the modulation signals observed 
in the light-receiving element 48 greatly changes along 
with the rotation of the plane of the polarization of the 
incident beam. This is because when the electrooptic 



6 



11 



EP 0 881 528 A2 



12 



element made of the nonlinear optical material poled on- 
ly in one direction is used, the rotation of the polarized 
plane leads to a change in the phase of transmitted light 
due to the spontaneous birefringence caused by the pol- 
ing. As a result, the light intensity observed in the light- 
receiving element 48 changes without application of any 
voltage. In addition, the light intensity changes since lit- 
tle nonlinear optical characteristic is shown along the 
direction of the y axis. 

Moreover, when the plane of polarization, through 
which the beam is passed to the electrooptic element 
45, is along the y axis, modulation signals of the light by 
application of the voltage can be scarcely observed. Ad- 
ditionally, when the polarizer 46 is removed, modulation 
signals with a desired level cannot be obtained Thus, 
the device cannot be used as an optical modulator. 

Reference is now made to Fig. 5 which refers to a 
lutther embodiment of the invention comprising an elec- 
trooptic element made of the second-order nonlinear 
material of The invention. 

An optical modulation device D of this embodiment 
includes a substrate 51 having a groove 52 for fixing a 
jacketed optical fiber 53. The substrate 51 also has three 
grooves 54 formed vertically with respect to the groove 
52. The optical fiber 53 has a jacket-free or bare portion 
55. The bare portion 55 consists of a core and a cladding 
layer but is free of any. jacket and a buffering layer al- 
though a surface treating agent may be deposited on 
the cladding layer as used to permit intimate contact be- 
tween the cladding layer and the buffer layer 

In the light path of the optical fiber 53, a polarizer + 
A/4 plate 56, an electrooptic element 57 and an analyzer 
58 are, respectively, placed in the grooves 54 as shown. 

For the fabrication of the optical modulator device, 
the substrate 51 is provided, which is made of an insu- 
lating material such as -glass, ceramics, resins or the 
like. A glass-epoxy resin substrate which has good in- 
sulating properties and good processability is preferably 
used. The substrate 51 is made with the groove 52 by 
use of a rotary blade saw. The jacket of the optical fiber 
at a portion indicated in the figure is removed to make 
the bare portion 55. This bare portion 55 is bonded to 
the groove 52 . 

Thereafter, the grooves 54 are also made by use of 
a rotary blade saw as shown. 

The element 56 made of a polarizer and a A/4 plate, 
the electrooptic element 57 and the analyzer 58 are, re- 
spectively, set in grooves 54 and bonded to the sub- 
strate 51. The bonding agent used in this embodiment 
includes, for example, a ceramic-based bonding agent. 

A lead wire 60a is connected directly to an electrode 
(not shown) of the electrooptic element 57 by use of a 
silver paste. Another lead wire 60b is connected directly 
to the other side of the element 57 by making a hole in 
the substrate 51 to expose the other side. The electroop- 
tic element 57 is made according to the method of the 
invention and has, for example, a thickness of 1 .5 mm 
along the direction of transmission of a beam. 



When a non-polarized beam is passed from one 
end of the optical fiber as an input beam and a potential 
of 1000 V is applied to the electrooptic element 57, AC 
modulation signals with a degree of modulation of 0.7% 

s can be obtained. 

When the temperature characteristic of the elec- 
trooptic element 57 is measured wherein a degree of 
modulation at room temperature is taken as 100 %, the 
variation in the degree of modulation is as good as 

10 ±3.5% in a temperature range of from -20 to 80°C. 

Moreover, at high temperatures of 70° C or over, no 
DC drift is observed as is experienced in the case of an 
electrooptic element made of a Bi 4 Ge 3 0 12 crystal. Thus, 
the electrooptic element of the invention ensures a sta- 

15 ble temperature characteristic. 

It will be noted that the optical modulator device of 
this embodiment has the input and output directions of 
a beam aligned in line, and the optical fiber has no bent 
portion or portions. Accordingly, the modulator device is 

20 particularly useful for optical communication. ^ . ... 

Reference is now made to Figs. 6a to 6d which 
schematically show an optical modulator device accord- 
ing to another embodiment of the invention. Adevice D1 
shown in Fig. 6d includes a substrate 70 having a groove 

25 pattern 71 made of grooves 71a and 71b arranged in 
parallel to each other and a groove 71c formed vertically 
to the grooves 7 1 a and 71 b, an element 72 made of po- 
larizer + A/4 plate, an electrooptic element 73 and an 
analyzer 74 set in grooves 75a, 75b and 75c, respec- 

30 tively, in this order, and an optical fiber 76 set in the 
groove pattern 71, thus forming the optical modulator 
device D1 in a hybrid manner as is particularly shown 
in Fig. 6d. 

For the fabrication of the device D1 , the substrate 
35 70 is first provided. Thereafter, the grooves 71 a, 71 b and 
71c are made by use of a rotary blade saw. The sub- 
strate 70 is made of an insulating material such as glass- 
epoxy resin. 

The optical fiber 76 is provided, part of which is sub- 
40 jected to removal of its jacket to provide a bare portion 
76a. The bare portion 76a of the optical fiber 76 is ther- 
mally processed or bent, by means of a hot air blower, 
to make a U shape having a flat bottom thereof. The 
manner of making the U-shape optical fiber is described, 
45 for example, in United States Patent No. 5, 699,461 
(corresponding to Japanese Laid-open Patent Applica- 
tion No. 8-219825). 

The thus shaped optical fiber 76 is set in and bond- 
ed to the groove pattern 71 as shown in Fig. 6b. 
so Thereafter, the grooves 75a, 75b and 75c are 
formed by use of a rotary blade saw. These grooves usu- 
ally have a width of 0.05 to 5 mm although depending 
on the thickness of the optical elements. 

The polarizer 72 attached with a A/4 plate, the elec- 
ts trooptic element 73 and the analyzer 74 are, respective- 
ly, fixed in the grooves 75a, 75b and 75c by means of a 
bonding agent. The electrooptic element 73 is one which 
has been described hereinbefore. The polarizer. A74 
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plate and analyzer are, respectively, those known in the 
art. 

When the element 73 has a thickness of about 1 
mm along the direction of beam transmission and ap- 
plied with a voltage of 1000 V, AC modulation signals 
with a degree of modulation of 0.4% is obtained 

In the optical modulation device of this embodiment, 
the input beam and output beam can be transmitted in 
parallel to each other, and the device can be arranged 
compact in size, not elongated along its length. Thus, 
the device is useful as an optical fiber electric or voltage 
sensor. 

It has been found that when the temperature char- 
acteristic of the optical modulator device is measured, 
good results of ±3% are obtained with respect to the var- 
iation in the degree of modulation in the temperature 
change of -20°C to +80°C when a degree of modulation 
at room temperature is taken as 100%. 

If an optical loss can be reduced as small as possi- 
ble, the bent portions of the optical fiber may be vacuum 
deposited with a metal or coated with a metallic paste 
in order to effectively reflect a beam at the bent portions. 
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position. 

A method for making a second-order nonlinear op- 
tical material which comprises the steps of; 

providing a glass body which is made of a glass 
composition comprising Si0 2 ; and 
subjecting said glass body to poling by applying 
an electric field sufficient to cause said glass 
body to be poled from a first direction and then 
from a second direction so that said glass body 
exhibits little birefringence against a beam be- 
ing propagated in a third direction substantially 
vertical to said first direction and said second 
direction, respectively. 

A second-order nonlinear optical material obtained 
by the method of Claim 6. 

A method according to Claim 6, wherein said first 
direction and said second direction intersect sub- 
stantially at right angles to each other within a range 
of 90 degrees ±10 degrees. 



Claims 

1. A second-order nonlinear optical material which 
comprises a glass body poled from a first direction 
and a second direction, which differ from each other, 
so that said glass body exhibits little birefringence 
against a beam being propagated in a third direction 
substantially vertical to said first direction and said 
second direction, respectively, wherein said glass 
body comprises Si0 2 . 

2. A second-order nonlinear optical material accord- 
ing to Claim 1, wherein said first direction and said 
second direction intersect substantially at right an- 
gles to each other within a range of 90 degrees ± 
10 degrees. 

3. A second-order nonlinear optical material accord- 
ing to Claim 1 or 2, wherein said third direction in- 
tersects substantially at right angles relative to said 
first direction and said second direction within a 
range of 90 degrees ± 10 degrees. 

4. A second-order nonlinear optical material accord- 
ing to Claim 1, 2 or 3, wherein said glass body is 
made of a composition which comprises 80 to 95 
wt% of Si0 2 and, correspondingly, 20 to 5 wt% of 
Ge0 2 . 

5. A second-order nonlinear optical material accord- 
ing to Claim 4, wherein the composition further com- 
prises at least one oxide selected from the group 
consisting of oxides and fluorides of Te, Bi, Pb and 
Sn in a total amount of up to 40 wt% of said com- 



25 9. A method according to claim 6 or 8, wherein said 
third direction intersects substantially at right angles 
relative to first direction and second direction within 
a range of 90 degrees ±10 degrees. 

30 10. A method according to Claim 6, 8 or 9, wherein said 
glass body is poled in the first direction or second 
direction by applying an electric field of 1 x 10 4 to 1 
x 10 6 V/cm, to said glass across the first direction 
or second direction. 

35 

11. A method according to Claim 6, 8, 9 or 10 wherein 
the poling along the first or second direction is con- 
tinued until when a linearly polarized beam is trans- 
mitted along the third direction and a plane of po- 
40 larization of the transmitted beam is set at an angle 
of 45 degrees with respect to the first or second di- 
rection, atransmitted beam consists of a linearly po- 
larized beam. 

45 12. An optical modulator device comprising a glass 
body according to any one of Claims 1 to 5, and a 
pair of electrodes attached to opposite sides ol said 
body along the first or second direction whereby 
said device serving as a phase modulator. 

so 

13. An optical modulator device which comprises an 
optical modulation unit including a polarizer, an 
electrooptic element, and an analyzer aligned in a 
light path from a light source, wherein said elec- 

55 trooptic element consists of said glass body accord- 
ing to any one of claims 1 to 5. 

14. An optical modulator device according to Claim 1 3, 
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wherein a collimator lens is placed upstream of said 
optical modulation unit whereby parallel light rays 
are passed to said optical modulation unit. 

15. An optical modulator device according to claim 13 5 
or 14, lurther comprising a X/4 plate between said 
polarizer and said electrooptic element. 

16. An optical modulator device comprising a mirror 
system having, at least, a first halfmirror capable of 10 
exactly dividing a beam into halves and a second 
halfmirror capable combining the halves after mod- 
ulation of one of the halves, and an electrooptic el- 
ement assembled in said mirror system so as to 
modulate one of the halves, said electrooptic ele- is 
ment being made of' said glass body of a desired 
form according to any one of claims 1 to 5 whereby 
said optical modulator device serves as interferom- 
eter when a beam is passed after poling via said 
first mirror, in which said beam is divided into halves 20 
by means of said first mirror, and one of the halves 

is electrooptically modulated, and is combined with 
the other half and passed to a light receiving ele- 
ment. 

25 

17. An optical modulator device according to Claim 16, 
wherein said electrooptic element is applied with a 
modulation voltage from two different directions 
substantially vertical to a direction of transmission 

of said beam 30 

18. An optical modulator device which comprises an 
optical fiber, a substrate having a groove for fixing 
said optical fiber, and a polarizer, an electrooptic el- 
ement and an analyzer arranged in this order and 35 
set in three grooves .made vertically to the first-men- 
tioned groove, respectively, in a light path of said 
optical fiber, wherein said electrooptic element is 
made of said glass body according to any one of 
claims 1 to 5. 40 

19. An optical modulator device according to Claim 18, 
wherein said substrate has a groove pattern, and 
said optical fiber is shaped in U form having a flat 
bottom and set in said groove pattern wherein the 45 
three grooves are formed at the flat bottom. 
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FIG. 2a 
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(57) A second-order nonlinear optical material com- 
prises a glass body poled from a first direction and a 
second direction, which differ from each other, so that 
the glass body exhibits little birefringence relative to a 
beam being propagated in a third direction substantially 



vertical to said first direction and said second direction, 
respectively, wherein-said glass body comprises a major 
proportion of Si0 2 and a minor proportion of germanium. 
A method for making the material, and optical modulator 
devices comprising the material are also described. 
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